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ABSTRACT

Determination of iron status in pregnancy and in young children is
essential for both clinical and public health practice. Clinical diag-
nosis of iron deficiency (ID) through sampling of bone marrow to
identify the absence of body iron stores is impractical in most cases.
Serum ferritin (SF) concentrations are the most commonly deployed
indicator for determining ID, and low SF concentrations reflect a
state of iron depletion. However, there is considerable variation in
SF cutoffs recommended by different expert groups to diagnose
ID. Moreover, the cutoffs used in different clinical laboratories
are heterogeneous. There are few studies of diagnostic test accuracy
to establish the sensitivity and specificity of SF compared with key
gold standards (such as absent bone marrow iron stores, increased
intestinal iron absorption, and hemoglobin response to SF) among
noninflamed, outpatient populations. The limited data available sug-
gest the commonly recommended SF cutoff of <15 ug/L is a spe-
cific but not sensitive cutoff, although evidence is limited. Data
from women during pregnancy or from young children are espe-
cially uncommon. Most data are from studies conducted >30 y ago,
do not reflect ethnic or geographic diversity, and were performed in
an era for which laboratory methods no longer reflect present prac-
tice. Future studies to define the appropriate SF cutoffs are urgently
needed and would also provide an opportunity to compare this in-
dicator with other established and emerging iron indexes. In addi-
tion, future work would benefit from a focus on elucidating cutoffs
and indexes relevant to iron adequacy. Am J Clin Nutr 2017;106
(Suppl):1634S-9S.
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BACKGROUND

Indicators of iron status span an array of measures and can be
confounded by factors ranging from inflammation to analytic
challenges. Moreover, given that iron status is a continuum from
iron deficiency anemia (IDA) [i.e., reduced hemoglobin in red
blood cells (RBCs)] to iron deficiency (ID) (i.e., depleted iron
stores) to iron overload, different indexes may be more useful
than others depending on the interest. Available indicators for
these conditions include concentrations of hemoglobin, serum
ferritin (SF), soluble transferrin receptor (sTfR), zinc protopor-
phyrin, reticulocyte hemoglobin, serum iron, and hepcidin as well
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as total iron-binding capacity or transferrin saturation (TSAT).
Others have addressed the role and nature of these indicators
(1-3). It is notable that the correlation of iron indexes with
longer-term functional outcomes, such as suboptimal child de-
velopment or birth weight (4), from observational cohorts or
from baseline indexes from interventional trials is limited, and
the lack of data to make these linkages has been the topic of a
recent set of reviews conducted by the United States Preventive
Services Task Force (5, 6).

Although many indexes are available, determination of status
by using SF concentrations is the most commonly deployed
strategy used in clinical and public health settings (7). Ferritin is
an iron storage protein, regulated post-transcriptionally by cel-
lular iron status via iron-responsive elements in its messenger
RNA. Thus, higher intracellular iron concentrations result in
increased ferritin expression, whereas ID inhibits expression (8).
However, ferritin is also an acute-phase protein, and serum
concentrations are increased in conditions of inflammation (9).
During liver damage, ferritin leaks from hepatocytes, and plasma
concentrations rise. The ferritin measurable in the serum appears
to be chiefly derived from macrophages (10) and does not contain
storage iron but reflects overall storage iron and ferritin con-
centrations in the liver and other tissues (11).

Thus, SF concentration is a routinely available indicator with
well-described associations with iron status but also recognized
limitations associated with distortions in the setting of con-
comitant inflammation and liver disease (12, 13). Because SF
concentrations are measured along a continuous scale, the def-
inition of SF cutoffs to determine status necessitates trade-offs
between its utility as a screening tool and as a confirmatory
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test. The limited data available suggest the commonly recom-
mended SF cutoff of <15 ug/L is a specific but not sensitive
threshold (14-18), although evidence is limited. As pointed out
by Pfeiffer and Looker (3) elsewhere in these proceedings, SF is a
sensitive indicator until body iron stores are depleted, but con-
centrations <12 ug/L are not indicative of the severity of ID. On
the other hand, sTfR concentrations are a sensitive indicator after
body iron stores are depleted, and concentrations increase with
increasing ID (3). However, sTfR concentrations are also a critical
indicator of erythropoietic activity, limiting its use for detection of
iron status if erythropoiesis is suppressed (19) or enhanced (20).
Several studies have indicated that the use of the logarithm of the
ratio of sTfR to SF may be a promising indicator of iron status,
and usage of this ratio has become more frequent (3).

This review, conducted in support of the workshop discussions,
addresses principles for developing an appropriate case definition
for iron status—notably deficiency—based on a variety of indica-
tors, evaluates evidence from relevant studies comparing SF cutoffs
to key gold standards, and proposes a strategy for improving these
definitions. Several organizations have been evaluating indicators
to define iron status over recent years, including the WHO, which
has undertaken a multifaceted approach to consider the role of SF
to define ID and overload in individuals and populations (11, 21).
However, there has not yet been a coordinated effort to improve the
quality of underlying primary evidence.

STATISTICAL APPROACHES TO DEFINING A CUTOFF

It is important to define some of the key epidemiologic and
statistical approaches that can be used to research the perfor-
mance of a diagnostic test and that must be considered to appraise
the quality of the existing studies. Studies evaluating diagnostic
tests should usually be cross-sectional, diagnostic-test-accuracy
studies (22). Participants require measurement for disease with
the use of both the gold standard (which is considered a perfect
dichotomous discriminator of presence or absence of disease)
along with the index test (the diagnostic performance of which is
under study). The sensitivity of an index test is the proportion
of individuals with the disease who would be detected by the test
at a particular cutoff when a continuous indicator is used, i.e., the
true positives (23). When a continuous biomarker is used to di-
chotomously define the presence or absence of a condition, there
are of course an infinite number of cutoffs that could theoretically
be used. The performance of the test can be examined by plotting
the true-positive (sensitivity) against false-negative (1-specificity)
rate at each cutoff—a receiver operating characteristic curve
(24). The area under this receiver operating characteristic curve
(AUCROC) can be used to evaluate the overall performance of
the test—a higher AUCRC (for example, approaching 1.0) in-
dicates a better test, whereas a lower AUCROC (for example,
approaching 0.5) indicates a poorer test (Figure 1) (25).

Unless a test perfectly reflects the gold standard, selection of
any cutoff is a tradeoff between sensitivity and specificity. The
extent of this compromise may reflect the overall AUCROC 45
well as biological properties of the test and condition. A cutoff
with higher sensitivity may be more appropriate for screening a
population. Cutoffs that simultaneously optimize sensitivity and
specificity (for example, the Youden J statistic) may be useful
but can also compromise both parameters (26). An additional
consideration is the positive and negative likelihood ratio, which
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FIGURE 1 Analysis of diagnostic test accuracy. Example of a receiver
operating characteristic curve; a higher AUCRO® indicates a superior test for
identifying the corresponding gold standard. AUCRCC, area under the re-
ceiver operating characteristic curve.

provides information on the change in probability a patient has
of having the disease once the test is applied (27). Thus,
defining a threshold for a test is not entirely empiric. Consid-
eration of epidemiologic and clinical factors is needed, as well
as how the test will be used in the overall process of diagnos-
ing a patient or population (28).

An alternative approach to defining abnormal thresholds is the
evaluation of population reference ranges. For example, un-
derstanding the distribution of values of an indicator in a pop-
ulation and accepting the central 90% or 95% with a normal
distribution as “healthy” may help identify individuals for whom,
when a result outside this range is returned, could be considered
abnormal and for whom therefore further clinical consider-
ation is needed. Although laboratories may not formally indicate
that a result outside these ranges represents disease, it is likely
that many clinicians may interpret the result that way. A key
limitation to this approach is that it does not specifically link the
indicator to clinical evidence of disease. With this approach, 5%
of the patients will be defined as abnormal regardless of biologic
significance of the result.

GOLD STANDARDS FOR DETECTION OF IRON STATUS

Gold standard definitions of ID remain complex. There are
several ways in which ID could be definitively considered to
exist. Classically, ID is defined when examination of bone
marrow aspirate under microscopy with the use of an iron stain
(Perl’s stain) reveals an absence of hemosiderin. This standard
reflects an absence of iron available to the bone marrow for
erythropoiesis, thereby resulting in anemia.

Among anemic individuals, an alternative gold standard
definition is a hemoglobin response to iron treatment. This rec-
ognizes that IDA is amenable to and responds to iron treatment.
This approach is often used to diagnose IDA in children, but it
requires a follow-up blood test, assumes a high adherence to iron
treatment, and does not account for impaired absorption of oral
iron in conditions in which intestinal function is impaired by
luminal disease or systemic inflammation.

Iron absorption is elevated in individuals with ID. Measure-
ment of erythrocyte iron incorporation by using stable isotopes
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(for example, Fe’” and Fe58) is an accurate and safe measure-
ment of iron utilization, which is enhanced in ID because of
suppression of the iron regulatory hormone hepcidin. The pro-
portion of dietary iron incorporated into the RBC mass can be
estimated by measurement of the incorporation into the RBCs
2 wk after the administration of an accurate dose of a stable
isotope. This technique has been used extensively to measure
effects of different dietary, comorbid, and physiologic condi-
tions on iron absorption.

Detection of iron stores with the use of one of the gold standards
described above is impractical in the routine, single clinic visit and
is costly and invasive. Thus, peripherally measurable indexes, such
as SF concentration, are needed to identify ID.

EVIDENCE FOR CURRENT SF CUTOFFS

Diagnosis of ID with the use of SF concentration is dependent
on comparing patient results with established diagnostic cutoffs.
However, SF cutoffs currently recommended by several expert
organizations demonstrate considerable inconsistency (Table 1).
This is exemplified by our survey of 208 laboratories partici-
pating in the United Kingdom National External Quality
Assessment Service (K Coleman, E Wood, B De La Salle,
S Stanworth, and S-R Pasricha, unpublished results, 2016),
which showed marked variation in SF cutoffs used to define ID
in men, women, and children (Figure 2).

Studies are needed to clarify the utility of SF concentrations
to detect ID in apparently otherwise healthy individuals or pop-
ulations (rather than unwell, hospitalized patients). Although
many studies have evaluated the diagnostic properties of SF in
comparison with bone marrow iron stores, most of these studies
were conducted in populations at high risk of inflammation, for
example, in hospital populations (36-38). Such studies would
likely distort the identified SF cutoff (likely raising it) because
of the high prevalence of inflammation in these persons. Rela-
tively few studies have been conducted in apparently well
community populations. These are discussed below.

Hallberg et al. (14) performed a cross-sectional study that
included bone marrow samples from 203 women aged 38 y in
Goteberg, Sweden. The participants were part of a larger cohort
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study of 1462 women, and sample collection was conducted in
the year 1968. Serum samples were collected simultaneously
with bone marrow samples and stored at —20°C. Twenty-four
years later, SF analysis was performed by using a radioimmu-
noassay. By comparing SF concentrations obtained from the test
to those obtained when SF was assayed with the use of an early
assay 14 y prior, the authors concluded there had been a 19%
deterioration in SF activity in the samples over =14 y (and did
not indicate the overall deterioration in 24 y). Using these data,
the authors identified an optimal sensitivity and specificity (of
75% and 98%, respectively) at an SF concentration <16 ug/L;
an SF concentration <30 ug/L resulted in a sensitivity and
specificity of 93% and 75%, respectively (14).

Harju et al. (39) studied bone marrow iron stores in outpatients
diagnosed with gastritis and peptic ulcer disease, a condition that
is unlikely to cause systemic inflammation unless complica-
tions are present, although Helicobacter pylori was not measured
in these patients. This study compared SF concentrations be-
tween patients with bone marrow iron stores considered “de-
ficient,” “sufficient,” or “plenty.” At SF concentrations <15 and
<30 wg/L, sensitivity was 72% and 92%, respectively, and
specificity was 96% and 92%, respectively (39). Sorbie et al.
(17) measured bone marrow iron and SF concentrations in 20
healthy students as controls for a study in patients with renal
failure. The study found that an SF concentration <40 ug/L
had a sensitivity of 100% and specificity of 92%. Examination
of the plots demonstrated that an SF concentration <15 ug/L
had a sensitivity of 57% and specificity of 100% (17). Milman
et al. (16) measured bone marrow iron deficiency and SF con-
centrations in 53 healthy students, and found that an SF con-
centration <15 ug/L had a sensitivity of 60% and specificity of
100%, whereas a cutoff of <30 ug/L had a sensitivity of 100%
and specificity of 89%.

Specific to studies in pregnancy, the most widely used in-
dicators of iron stores to assess iron status during pregnancy are
SF and hemoglobin concentrations. There are challenges with
interpretation of laboratory results related to the physiologic
effects of pregnancy, and specific studies in pregnancy are required.
Considering these physiologic variations, investigators have
attempted to identify cutoffs defining ID by observing how bone

TABLE 1
Examples of recommended SF cutoffs to determine ID!
Population SF cutoff,
Organization group ng/L
WHO (29, 30) Children <5 y of age <12, if inflammation <30
Adults <15
CDC (31) Persons >6 mo of age <15
Royal College of Adults <30
Pathologists of Australasia (32) Prepubescent children <20
British Society for Standardization Pregnancy <30
in Haematology (2)
Group for the Research and Education Women <30
on Anemia Therapy in Women (33)
Royal Australasian College of Physicians (34) Children 1-5 y of age <10
Breastfed children <1y <5-9
Formula-fed children <1y <14-39
American Association of Blood Banks (35) Female blood donors <26

with hemoglobin 12-12.5 g/dL

! ID, iron deficiency; SF, serum ferritin.
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FIGURE 2 Distribution of the lower limit of the SF range in laborato-
ries served by the UK NEQAS. In 2016 we contacted 606 laboratories pre-
dominantly in the United Kingdom and the rest of Europe participating in
the UK NEQAS program and received data from 208. Laboratories were
asked to provide information on the lower limit of the SF concentration as
included with their results. Data on SF cutoffs used in each population
category were collected. Each dot represents a laboratory reporting a specific
SF cutoff in the defined population subgroup (K Coleman, E Wood, B De La
Salle, S Stanworth, and S-R Pasricha, unpublished results, 2016). SF, serum
ferritin; UK NEQAS, United Kingdom National External Quality Assess-
ment Service.

marrow iron stores respond to the demands of pregnancy (14, 18).
The study by van den Broek et al. (18) is the only one that
has evaluated SF and bone marrow iron in pregnancy. Performed
in Malawi in 1993, 47% of the study population was positive
for HIV, and the mean C-reactive protein concentration was
40 mg/L, although the participants were apparently healthy.
Moreover, the level of control of HIV infection was not de-
termined (N van den Broek, Liverpool School of Tropical
Medicine, personal communication, 2016). The majority of
women included in the study by van den Broek et al. (18) were
in the third trimester of pregnancy, when physiologic changes
in inflammation and plasma volume expansion plateau. The
reported sensitivity and specificity of an SF concentration
<15 mg/L were 37.5% and 93.7%, respectively, and the sen-
sitivity and specificity for an SF concentration <30 mg/L were
90% and 85%, respectively (18). Data for HIV-negative women
were not separately reported.

Regarding studies in children, the study by Jonker et al. (15) is
the only one evaluating SF cutoffs against bone marrow iron
samples in children. This well-designed study collected bone
marrow aspirates from 87 apparently healthy Malawian children
aged 6-66 mo while they were anesthetized and undergoing
elective orthopedic surgery. Children were excluded if they had
clinical evidence of inflammation. In this study, the sensitivity
and specificity of an SF concentration <12 ug/L. were 44.7%
and 89.6%, respectively. For an SF concentration <18 ug/L
these values were 73.7% and 77.1%, respectively, and for an SF
concentration <30 ug/L these values were 81.6% and 37.5%,
respectively. This was the only study to include a receiver
operating characteristic analysis, and it reported an AUCROC
for SF to detect absent bone marrow stores of 0.797 (essen-
tially identical the SF/sTfR index for which AUCRYC was 0.801,
P-difference = 0.90) (15).
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Together, these studies demonstrate that evidence to support
any recommended SF cutoff for diagnosis of ID is limited. The
commonly reported threshold of 15 ug/L is likely specific but
can be expected to miss many cases of ID—perhaps as many as
half. An SF concentration cutoff <30 ug/L is associated with a
higher sensitivity but more false-positive diagnoses. Importantly,
there are very limited data to support SF thresholds in the critical
groups of pregnant women and young children. The data are
predominantly derived from older studies, with only one study
published in the last 20 y (15). Furthermore, the laboratory
methodology used in these studies is likely considerably dif-
ferent from current practice, especially for reference standards
and commutable calibration materials. Finally, there is a paucity
of data from ethnically and geographically diverse settings.

One consideration for interpretation of SF cutoffs is the pretest
probability of an individual patient or population for having a
disease. Where the pretest probability is high, a more sensitive
cutoff may be appropriate because a larger proportion of negative
results will be false negatives; conversely, when the probability of
disease is low, most positive results will be false positives, and
hence perhaps a lower cutoff, which is more specific, could be
considered. For example, a higher SF cutoff might be appropriate
when seeking to confirm a diagnosis of ID in an anemic in-
dividual compared with in an individual who is undergoing
routine screening. Likewise, in biological states in which iron is
rapidly used, such as among pregnant women or growing children
(40), a higher (not lower) SF cutoff might be more appropriate.

ALTERNATIVE APPROACHES TO DEFINING SF
CUTOFFS

SF reference ranges

SF reference ranges have been proposed by measuring the
distribution of values in a population and defining abnormality as
outside the central 95% of the population. However, this approach
does not directly measure a biological relation between SF con-
centration and iron stores. Moreover this approach is influenced by
the prevalence of ID and inflammation (or other factors that in-
fluence SF) in the study population. Thus, SF concentrations will
be lower in premenopausal women and children compared with
men because of menstruation and growth, respectively. The effect
of these differences is demonstrated by diagnosis of ID at a lower
cutoff in women than in men; if the biological relation between SF
(adjusted for inflammation) and bone marrow iron stores (and
functional outcomes) is constant regardless of sex and age, then SF
cutoffs should not differ between these groups. Defining ID by
using SF reference ranges must, therefore, make careful consid-
eration of the underlying population.

Iron absorption

Several studies demonstrate a close inverse correlation be-
tween baseline SF concentration and erythrocyte iron in-
corporation. ID is associated with an increase in erythrocyte iron
incorporation that can be measured by using stable isotope
studies (41). Hicks et al. (42) demonstrated correlations of = 0.64
and 0.60 between SF and Fe®’ utilization in 5- to 6- and 9- to
10-mo-old children, respectively. If a definition of increased
iron absorption were applied (for example, >20%), these
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relations could be used to define ID. This approach has been
used to define cutoffs of hepcidin concentration to detect ID
(43).

Hemoglobin response to iron supplementation

Increases in hemoglobin concentrations after anemic in-
dividuals are treated with iron may indicate that the anemia is
secondary to ID (for example, defined as a 1- to 2-g/dL increment
in hemoglobin concentrations over 2—4 wk) (44). A study among
anemic nonpregnant Vietnamese women found that weekly iron
supplementation for 12 wk resolved anemia in 56% of cases. A
baseline SF concentration <15 wg/L had a 44% sensitivity and
80% specificity for predicting a response to iron (defined as a
1-g/dL increase in hemoglobin or cure of anemia, seen in 66%
of women), whereas an SF concentration <30 ug/L had a
sensitivity of 72% and specificity of 52% (19). The optimal si-
multaneous sensitivity and specificity for predicting a “cure” of
anemia were seen at an SF concentration of 26 ug/L.

CONSIDERATIONS RELATIVE TO DETERMINING IRON
ADEQUACY AND CONDITIONS OF IRON REPLETION

Although iron indexes have historically been used chiefly to
establish the presence of ID clinically and at the public health
level, there is increasing interest in also identifying individuals
and populations who can be considered iron replete. As discussed
above, existing cutoffs for SF (for example, <15 ug/L) are
specific but poorly sensitive for ID, whereas higher cutoffs (for
example, <30 wug/L) are more sensitive, but the literature is
limited. Hallberg et al. (14) demonstrated that 75% of iron-
replete individuals had SF concentrations >30 ug/L, with on-
ly 7% of iron-deficient individuals having an SF concentration
above this cutoff. However, in children, Jonker et al. (15)
showed that only 37.5% of Malawian children with bone mar-
row iron repletion had an SF concentration >30 wg/L, in-
dicating this cutoff may be too high to diagnose iron repletion
among this population. Further studies remain essential to
characterize the diagnostic properties of SF to detect iron re-
pletion. Older indicators of iron status, such as TSAT and serum
iron, are distorted by inflammation but may be useful in unin-
flamed individuals to identify a normal supply of iron to the
bone marrow and tissues; elevated TSAT remains perhaps the
best screening test of iron overload (45). Because it is distorted
by inflammation, liver disease, and obesity, SF is not a useful
screening test for iron overload but may be more useful to stage
the severity of iron loading once the diagnosis has been estab-
lished. Alternative approaches to detecting iron repletion may
include the measurement of hepcidin, which could indicate he-
patic sensing of adequate iron stores and hence homeostatic
limitation of iron absorption.

CONCLUSIONS AND FUTURE DIRECTIONS

New diagnostic-test-accuracy studies are needed to inform
cutoffs. Such studies would ideally involve a cross-sectional
design in a community setting with the use of a population
free from inflammation, with sampling from multiple centers, coun-
tries, and regions and of different ages, sexes, and ethnicities.
Particular attention to pregnant women and children is needed.
These studies should include bone marrow iron and erythrocyte
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iron incorporation measured by using stable isotopes. Although
retrieval of bone marrow aspirates from community-dwelling
healthy individuals seems challenging, creative study designs
can achieve this. For example, appropriate samples are already
routinely collected during harvesting of bone marrow for
allogeneic-stem cell transplantation, and collection of simulta-
neous peripheral blood samples would complement this. Like-
wise, bone marrow aspirates could be collected from noninflamed
individuals undergoing elective surgical procedures, especially
orthopedic procedures. Furthermore, stable isotope studies are
safe and achievable in both children and in pregnancy (46). These
studies could simultaneously compare a broad range of iron
indexes, enabling an optimal diagnostic approach to be defined.
In addition to diagnostic test accuracy studies comparing SF
concentrations to physiological variables of ID, correlation of
iron indexes with longer-term functional outcomes could help
define the implications of a diagnosis of ID. However, such data
alone cannot define cutoffs for ID but rather would help confirm
that the ID is associated with critical health outcomes.

There is variation in recommendations for SF cutoffs in-
dicative of ID among different expert organizations and even
laboratories, which impairs the development of recommendations
to implement screening programs. This complicates clinical
guidelines for diagnosis and treatment of ID, and obscures
meaningful epidemiologic assessment of the burden of this
condition. There is an urgent need to undertake further primary
research to develop an evidence base for cutoffs of iron indexes
defining ID and other states of iron status.
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